Certain in vitro hemolytic systems involving human erythrocytes and human serum function more effectively if hemolysis is allowed to proceed in serum that has been slightly acidified, the optimal pH being approximately 6.5. Among such "pHdependent" hemolytic systems are the hemolysis of normal erythrocytes by sera containing high titer cold agglutinins (1) ; the hemolysis by normal human serum of human erythrocytes whose membranes have been altered by a variety of proteolytic enzymes, chemicals, and viruses (2) ; the hemolysis of normal human red cells induced by the addition of poly I 1 to normal serum (3) ; and the hemolysis of red cells from patients afflicted with PNH (4) . The diagnosis of PNH usually rests upon what has come to be known as the "acid hemolysis" test (4, 5) .
The C' system clearly plays a role in all these systems, since removal of any one of the four components of C' from serum renders it incapable of participating in these reactions (la, 2, 3, 6) . On the other hand, it has been suggested that some other mechanism may be involved in red cell ly-* Submitted for publication July 27, 1964 ; accepted September 30, 1964. Supported in part by the Helen and Joseph Regenstein Foundation. t John and Mary R. Markle Scholar in Academic Medicine.
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Atomic Energy Commission. 1 The following abbreviations are used: C', complement; C'Hso, 50% hemolytic unit of complement; C'1, C'2, C'3, C'4, the first, second, third, or fourth component of complement; C'la, activated first component of complement; R3 sis, especially in the case of PNH hemolysis (7, 8, lb) . In the hemolytic system dependent on high titer cold agglutinins, Dacie has emphasized that lowering the pH may favor absorption of hemolysin and so contribute to increased hemolysis (ic). This, however, does not explain the enhancement of hemolysis by acidification in the PNH or poly I-induced hemolytic systems, where there is no evidence for the participation of red cell antibodies (amboceptor) (id, 3) .
Should the fact that the hemolytic systems already mentioned have a pH optimum at 6.5 suggest that their mechanism is in some way different from classical C'-dependent immune hemolysis and that factors other than C' are involved? Boyd states that the pH optimum for C' action is 6.3 to 7.8 (9) . The first edition of Kabat and Mayer's text quotes earlier work indicating that C' functions more effectively in EA hemolysis at pH 7.4 than at pH 6.9 (10). The second edition, however, states that between pH 7.15 and 8.52, C' effectiveness increases with decreasing pH (11) . All these data, however, are from studies using guinea pig serum, and it is difficult to find pH optimum data dealing with classical EA immune hemolysis where human serum is the source of C'. Both Dacie (le) and Hinz, Picken, and Lepow (12) agree that the optimal pH for hemolysis of erythrocytes in the C'-dependent Donath-Landsteiner antibody hemolytic system is between 7 and 8. Recent studies on the pH optimum for C'-dependent bacteriolysis by human serum have shown that the system functions best at pH 8.4 (13) . However, since lysozyme appears to participate in such bacteriolysis, the authors question whether this pH optimum can fairly be applied to human C' action.
Our study was designed to obtain more definite data on the effect of pH on human C' action as measured by classical amboceptor-coated sheep 149 red cell immune hemolysis. Parallel studies were carried out with guinea pig C', and the results indicate that, in contrast to guinea pig C', human C' is substantially more effective at pH 6.5 than at pH 7.5. In addition we found that the enhancement of human C'-dependent immune hemolysis at pH 6.5 results primarily from a stimulation of C'3.
Methods
Standard buffer solutions. Stock (five times concentrated) barbital-buffered saline (BBS), pH 7.5, was prepared as described by Kabat Buffer solution containing salts of ED TA. Na3-HEDTA or Na2MgEDTA2 was dissolved in water, titrated to the desired pH, and adjusted to 0.15 M. Na2MgEDTA-BBS contained 1.5 X 10-2 M Na2Mg-EDTA plus the necessary amounts of Ca`+ and Mg+'. Since this EDTA salt binds Ca`+ but not Mg++, serum diluted in Na2MgEDTA-BBS will not support the hemolysis of EA, but will support EAC'1 and EAC'1,4 lysis. Na3HEDTA-BBS contained 7.5 X 10' M Nas-HEDTA; Ca++ and Mg++ were omitted. Since Nas-HEDTA chelates both Mg`+ and Ca++, serum diluted in this reagent will not support EA, EAC'1, or EAC'1,4 lysis, but will hemolyze EAC'1,4,2. Serum diluted in BBS was used to assay whole C' activity; Na2Mg-EDTA-BBS was used in conjunction with EAC'1 to titer the effective combined titer of fluid phase C'4, C'2, and C'3 and, in conj unction with EAC'1,4, to titer C'2 and C'3. The effective C'3 titer of serum was determined using EAC'1,4,2 and serum diluted in Na3HEDTA-BBS.
Serum and serum reagents. Guinea pig blood was collected by cardiac puncture and allowed to stand at room temperature for 4 hours. The serum was then separated by centrifugation, pooled, and frozen in portions at -850 C in a mechanical freezer. Pooled human serum from blood collected by venipuncture was similarly stored. Two separate batches of human C'la containing 48 and 37.6 U C'1 esterase, respectively, were prepared by previously described procedures (14, 15) . Human R3 was prepared by absorption of serum with 2.5 mg zymosan per ml; guinea pig R3 was prepared using 13 mg zymosan per ml (11b). Both R3 preparations were excellent reagents for the preparation of their respective EAC'1,4,2.
Purified C'la and R3 were also stored in portions at -850 C.
Sheep red cells and amboceptor. Sterile (16) . The cells were then washed three times, once in NasHEDTA-BBS and twice in BBS, and resuspended in BBS to a concentration of either 1 X 10' or 5 X 108 per ml. EA to be tested directly in immune lysis were prepared using a 1: 1,000 dilution of amboceptor. EA destined for use in formation of EAC' . . . were sensitized using a 1: 500 dilution of amboceptor.
Preparation of sensitized red cell-coimplemnent component intermediates. EAC'1,4,2 were prepared by reacting EA with the appropriate R3, and great care was subsequently taken to maintain them at 10 C to prevent temperature-dependent decay to EAC'1,4 (17) . EAhuC'1,4,2 were prepared from human R3 as follows. A measured volume of R3 diluted 1: 20 in BBS and previously warmed to 370 C (1 ml 1: 20 R3/5 X 10' EA) was added to a centrifuged button of EA at 37'. The cells were resuspended, and after exactly 60 seconds the mixture was poured into 5 vol of BBS at 10 C. The cells were centrifuged, washed three times in cold BBS (10) , and resuspended in BBS (5 X 108 cells per ml). EAg.p.C'1,4,2 were prepared from guinea pig R3 as follows. One ml of guinea pig R3 was added to 10 ml EA in BBS (1 X 10' EA per ml) at 10 C. After 30 minutes, the cells were centrifuged, washed three times in cold BBS, and finally resuspended in BBS at a cell concentration of 5 X 10' per ml. No more than 30 minutes was allowed to elapse between the preparation of EAC'1,4,2 and their use.
EAC'1,4 were prepared from EAC'1,4,2 by allowing the latter to decay for 90 minutes at 37' C. The EAC '1,4 were then washed and resuspended in BBS at a cell concentration of 5 X 108 per ml.
To prepare EAC'1, .5 ml of an appropriate dilution (determined by pretitration) of purified huC'la in BBS was added to a cell button of 5 X 10' EA. When EAhuC'1 were prepared in bulk, proportionate volumes were employed. After incubation at 37' for periods of from 3 to 10 minutes, 10 vol of BBS prewarmed to 37°was added, and the cell suspension was centrifuged for 3 minutes. The EAhuC'X were resuspended in BBS (37' C) to a concentration of 5 X 10' per ml and tested immediately. Maintenance of the EAhuC', at 37' C was necessary to prevent loss of huC', activity, which occurs at lower temperatures ( 18) . The effect of pH on immune hemolysis. The pH of thawed serum ranged from 7.5 to 7.7. We found that at the dilutions of serum employed, the pH was effectively controlled by the pH of the buffered saline used for dilution, so that in most experiments pH adjustments of C' were an inherent part of the dilution process. In certain experiments, however, the pH adjustment of serum was initiated directly after thawing. This was done to ensure that altering the pH of native serum did not irreversibly affect its hemolytic C' potential. Thus, in some experiments serum was adjusted to pH 6.5 with 0.3 N HC1, and the control serum (pH 7.5) was equally diluted with BBS (pH 7.5). The acidified serum was then serially diluted in pH 6.5 buffer (final pH 6.5), and pH 7.5 buffer (final pH 7.5), and the ability of these C' dilutions to support immune hemolysis was compared with that of the unacidified serum diluted in pH 7.5 buffer and pH 6.5 buffer. Once it had been determined that preacidification of native serum did not permanently affect its hemolytic C' capacity, and that any change in C' activity was attributable entirely to the pH of the dilute C' hemolytic milieu videe infra), all pH adjustments of C' reagents were made by dilution in the appropriate buffered saline.
Two basic questions were investigated. 1) What effect does pH alteration have upon the capacity of C' to support EA or EAC' . . . hemolysis? The cells were prepared as outlined at a single pH (7.5), and samples were then subjected to hemolysis in equivalent serial dilutions of C' at varying pH.
2) What effect does pH alteration have upon the formation of EAC' . . .? To eliminate the effects of pH on the capacity of amboceptor to attach to the red cell, EA formation was always carried out at pH 7.5. In EAC' . . . formation was done at varying pH's, and lysis was carried out with serial dilutions of C' at a single pH (7.5) . Since excess C'1 was present in substantial amounts during the single wash, EAhuC'1 prepared at a given pH were subjected to washing in buffer of an equivalent pH. However, since excess R3 was removed in the initial centrifugation following EAC',4,2 formation, the three washes in these experiments were carried out at pH 7.5. The effect of pH on the formation of EAC',4 was not investigated, since these cells were prepared from EAC'1,4,2 and we assumed that their behavior would parallel that of the parent cell. All hemolytic tests were carried out by adding 4 ml of the appropriate C' dilution to a thoroughly drained button of 5 X 108 EA, EAC'i, or EAC'1,4,2 and incubating the cell suspension at 320 C for 60 minutes with occasional mixing. In the experiments with EAhuC',4, a 1 X 109 cell button was employed. Cell blanks in buffer alone at all pH's tested were always run. One hundred per cent hemolysis was determined by the addition of 4 ml 0.1% Na2CO3 solution to a button of 5 X 108 cells. When C' diluted in Na2MgEDTA-BBS or Na3HEDTA-BBS was used, an EA blank was always run at the lowest C' dilution. Hemolysis was measured by determining the optical density of the supernatant fluid at 540 mu. The OD (100% hemolysis) of 5 X 10' cells in a 4-ml vol is approximately 1.3. C'H50 titers of whole C' were determined as outlined by Kabat and Mayer (11c) . The proportions of volume, amount of C', and cell concentration were different from those usually employed, and therefore the C'H50 titers are higher than these authors report. Since we were interested primarily in relative titers at various pH's, this was not important. In instances where the effects of pH on the effective cumulative titer of fluid phase C' subcomponents were being assessed with EAC' . . ., C'H50 titers were approximated by graphic methods employing either logarithmic probability graph paper (titer versus per cent hemolysis) or a log-log plot of titer versus y/l -y where y = fraction of cells lysed. Figure 1 . The C'H50 titer of human C' is substantially increased at pH 6 Thus acidification of whole serum to pH 6.5 has in Table II illustrate the effect of pH on the heno permanent or irreversible effects upon whole C' molysis of EAhuC', and EAhuC'1 4 in human C' activity. More extensive data on the effects of diluted in Na2MgEDTA-BBS. Since both of pH on human C' activity in EA lysis, together these C' component-EA intermediates hemolyze with similar observations made on guinea pig C', more effectively at pH 6.5, and since both are are shown in Table I and Figure 2 . Our results equally enhanced to approximately the same degree concerning the effect of pH on the C' titer of as noted earlier with EA lysis, we presumed that guinea pig serum are in substantial agreement the stimulatory effect of pH reduction depends with those of Kabat and Mayer (11) . There is primarily upon enhancement of either C'2 or C'3 a slight but definite increase in guinea pig C' po-or both. From the results shown in Figures 3 tency with decreasing pH, a broad optimum being and 4 we concluded that pH alteration affects reached between pH 6.5 and 7.0. The effect of de-primarily the last stage in immune hemolysis, creasing pH on human C' potency is, in contrast, namely, the reaction EAhuC'1,4,2 + huC'3 -> E*.
much greater, with a narrower optimum, at about It is apparent again, in a fashion analogous to EA pH 6.5. lysis, that acidification of whole serum to pH 6.5, Having demonstrated substantial enhancement followed by dilution at pH 7.5, does not permaof hemolytic human C' potency at pH 6.5, we stud-nently alter the effective C'3 titer of serum. By ied the effect of pH on the lysis of various EAC' comparison with EA lysis, EAhuC'1,4,, hemolysis . . . in the hope of determining which of the diminishes rather sharply as the pH is lowered intermediate stages in immune hemolysis were from the optimum at 6.5. In contrast to human most affected by such pH alterations. The data C', the reaction EAg.p.C'1,4,9 + g.p.C'3 -* E* is not affected by altering the pH from 7.5 to 6.5 use an R3 devoid of even small amounts of C'3; (Table III) . A summary of the effects of pH otherwise there is substantial E* formation at pH alteration from 7.5 to 6.5 on the relative hemolytic 6.5, with the result that much hemolysis occurs potency of human fluid phase C' components at during preparation of the cells even though various stages in immune lysis is presented in EAhuC',,4,2 formation with the same R3 may Table IV . proceed satisfactorily at pH 7.5. This observation, The effect of pH on the formation of EAC'. . . . although largely of nuisance value in terms of exTo confirm the above conclusion that pH altera-perimental technique, also indicates the primary tion largely affects the reaction EAhuC',4,2 + role of C'3 in the enhancement of human C' action huC'3 -> E*, the effect of pH upon the formation at pH 6.5.
of various EAC' . . . intermediates in immune
The effect of pH on the decay of EAC'1,4,2. hemolysis was analyzed. We reasoned that if Although the data so far presented leave little these conclusions were correct, the formation of doubt that pH reduction from 7.5 to 6.5 selectively EAC'1 and EAC'1,4,2 (and by implication EAC'1,4) enhances the last stage in immune hemolysis, the should not be enhanced by lowering pH from 7.5 same result could be obtained by two 'different to 6.5. These experiments (Tables V and VI) mechanisms. The over-all hemolytic titer of C' is bear out the conclusions drawn earlier; EAhuC', recognized to depend primarily upon the balance formation is, if anything, slightly inhibited at pH achieved between the decay of EAC'1,4,2 to EAC'1 4 6.5; EAhuC',,4,2 formation is not affected. In re-and the conversion of EAC'1,4,2 to E* by the action lation to the latter experiment, it is imperative to of C'3 (19) . pH reduction might result in en- Recognition that classical immune hemolysis produced by human C' has a pH optimum similar to that of the PNH hemolytic system supports the argument that the C' system plays the predominant role in in vitro PNH red cell lysis. Immune hemolysis and poly I-induced hemolysis of normal red cells have recently been shown to proceed in the absence of Ca++, provided that Mg++ is supplied and whole human serum is used as the C' source (3, 21) ; PNH hemolysis also displays an absolute requirement for Mg++ but not for Ca++ (6) . Thus the PNH hemolytic system resembles other human C'-dependent hemolytic systems not only in its pH optimum, but also in divalent cation requirements. The enhancement of immune red cell lysis and PNH hemolysis produced by reduction of serum pH to 6.5 are similar in that both phenomena are reversible; restoration of serum pH to 7.5 results in loss of the stimulatory effect and the return of serum hemolytic potency to the original level (22) .
We have recently shown that substances usually considered to be anticomplementary, such as polyinosinic acid, streptokinase, and aggregated y-globulin, can all cause enhancement of PNH red cell hemolysis in vitro when added to acidified human serum (3, 22) ; these three agents are known to function as activators of C'1 (23) (24) (25) (26) . Furthermore, addition of purified C'la or C'1 esterase to serum can induce the same stimulation of PNH hemolysis (22) . Careful study of all these materials has revealed a striking similarity in the kinetics of their interaction with serum in relation to PNH hemolysis. Therefore, we have suggested that these substances via C'la, or C'la itself, activate fluid phase C'2, which in turn is responsible for the generation of fluid phase C'3 hemolytic activity; it is presumably a late-acting C'3 subcomponent(s) that ultimately injures the red cell membrane (3, 27) . Since the PNH red cell lacks an antibody coat to localize the process of C' activation at the cell membrane, its destruction depends upon random hits from activated fluid phase C'3 subcomponents (3). The importance of late-acting C'3 subcomponents in relation to PNH hemolysis is attested to by the recent observations of Rosen and of Jenkins. In preliminary experiments Rosen has observed that purified 81c-globulin can attach to PNH red cells directly without the mediation of other fluid phase C' components (28) . Jenkins, who has found C' components coating those PNH red cells resistant to in vitro acid hemolysis (29) , has noted that such cells react strongly and consistently with anti-usc-globulin (30) (anti-C'3), but weakly and less consistently with anti-Plicglobulin (31) (anti-C'4) (32). We have postulated that PNH hemolysis is, in a sense, a threshold phenomenon that depends upon an intrinsic low grade process of activation of fluid phase lateacting C' components in serum (3) .
In view of the foregoing discussion, it is of great interest to find that pH alterations of serum from 7.5 to 6.5 predominantly enhance the hemolytic function of C'3. If one examines the data in Figures 1 and 3 , he is struck by the fact that in immune hemolysis, given the proper conditions, the degree of hemolysis can be altered by pH change to the same extent as is commonly observed in PNH hemolysis. Thus in a 1: 160 dilution of -human C'3, EAhuC'1,4,2 show 9.5% hemolysis at pH 7.5 as compared with 37% hemolysis at pH 6.5 ( Figure 3) . Similarly, in a 1: 640 dilution of whole human C', EA display 3% lysis at pH 7.5 compared with 29% hemolysis at pH 6.5 ( Figure 1 ). PNH hemolysis in vitro results in no diminution of serum C' titer as subsequently measured by immune hemolysis, and may thus be considered to involve only such small amounts of active C' material as are represented by serum dilutions in the range mentioned above (33) .
Summary
The pH optima of the immune lysis of sensitized sheep red cells by human and guinea pig complement have been investigated. Both human and guinea pig complement function best at pH 6.5, but human complement is more sensitive to pH alteration. Study of the effects of pH alteration upon the formation and lysis of sensitized red cell-complement component intermediates has demonstrated that the enhanced potency of human complement action at pH 6.5 results from a stimulation of the third complement component. The significance of these observations relative to certain "pH-dependent" human hemolytic systems is discussed.
